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1.0 SUMMARY 

This is the final report of the work performed under contract to NASA Manned 
Space Flight Center on the design and test of an all mechanical Mass Flow Con- 
troller. The program involved design, development, manufacture of four MFC 
units and a test program using inert gas as the test medium. The unit controlled 
the pressure within ± 1 percent. An analytical method is described for relating 
the control pressure error with error in mass flow. 
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£.0 INTRODUCTION 

Control of the mass flow rate is essential for controlling the fuel - oxidizer mixture 
ratio or controlling the thrust level of a rocket engine. In a rocket engine designed 
for a constant thrust level, the flow rate of the propellants must be maintained 
essentially constant. When gaseous propellants are used, it becomes more difficult 
to maintain a constant flow rate than when liquid propellants are used. In a typical 
rocket engine system using gaseous propellants, both the pressure and temperature 
of the propellant supply will vary. The function of a mass flow controller is to 
compensate for these variations as required to maintain the flow rate constant. 

An all mechanical approach to mass flow control is illustrated in Figure 1 . In this 
approach a fixed flow restriction is combined with a temperature biased absolute 
pressure regulator. The pressure regulator maintains a constant control pressure, 
Po, so long as the temperature of the propellant does not change, even though the 
propellant inlet pressure varies. Under these conditions the pressure at both ends 
of the fixed flow restriction is constant and the flow rate is therefore constant. 

When the propellant temperature changes, the temperature biased pressure regulator 
alters the control pressure proportionally so as to maintain the flow rate constant 
t [trough the fixed restriction. 

The equation for subsonic gas flow through a fixed restriction can be approximated by 
the equation 



It can be seen that the flow rate through the fixed restriction will be constant if the 
term under the radical is maintained constant. This term is constant when the 
pressure drop, Po - Pc, is caused to vary with the absolute temperature, T. This 
is easily seen when Pc and Z are constant; actually these two terms vary somewhat 
with temperature, which requires minor modification to the proportionality main- 
tained between Po - Pc and T. 
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DEFINITIONS OF SYMBOLS 

A Flow area of throttling element, in^ 

A^ Bellows area, in^ 

C Coefficient of discharge, dimensionless 

B TU 

Specific heat of bellows, lb -or 

F Force, lbs 

g Conversion Factor, LBm ft 

LBf - sec^ 

h Film Coefficient, Btu 

sec- in^ - c ’ R 

I S p Specific Impulse, LB f 

LB - sec 
m 

K| 3 Thermal Conductivity of Bellows BTU 

sec - in - R 

K g Thermal Conductivity of Belleville Spring , BTU 

sec • in - ° R 


L Bellows Stroke, in 

L^ Bellows Conduction Path, in 

L s Belleville Spring Conduction Path, in 

Mass of Bellows Corrugations, lb 
M s Mass of Belleville Spring, lb 

Pu Bellows Charge Pressure, psia 

P c Thrust Chamber Pressure, psia 

Pj Inlet Pressure, psia 

P o Control Pressure, psia 

R Specific Gas Constant Ft- LB^ 

LBm °R 

T ^ Temperature of Bellows, ° R 

Temperature of Bellows, ° R 
T > Temperature of Propellant, ° R 

T Temperature of Belleville Spring, ° R 


ns p:w « ?o 
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DEFINITIONS OF SYMBOLS (continued) 

T Temperature, ° R 

t Time, secs 

V Volume, in^ 

w Flow Rate, lb/sec 

x Percent error in oxygen flow rate 

y Percent error in hydrogen flow rate 

Z Compressibility Factor, dimensionless 
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3.0 BASIC DESIGN CONCEPT 

In the all mechanical approach a fixed flow restriction is combined with a temperature 
biased absolute pressure regulator, hereinafter referred to as the Mass Flow 
Controller (MFC). In a rocket engine the injector together with the ducting connecting 
the injector and the MFC constitute the fixed flow restriction. At the beginning of 
the program this flow restriction was assumed to result in a 60 psi pressure drop 
when passing rated flow at 100°F to a combustion chamber at 300 psia. The chamber 
pressure varies somewhat with the temperature of the entering propellant in 
accordance with Figure Z. 

Figure Z was obtained from the expression 



Pc(560 


I sp (560) 


which is valid for constant mass flow of the rocket engine, 


The variation of specific impulse with temperature was obtained from Figure 3. 
Figure 3 was prepared from data from NASA Houston for a rocket engine with a 
O/F ratio of 4, expansion ratio of 40 and a thrust chamber pressure of 300 psia. 
This curve is valid for O/F ratio from 3.8 to 4.Z. 


Figure 4 includes two curves, one for oxygen gas and one for hydrogen gas, showing 
the required variation in control pressure with temperature for constant mass flow. 
The curves were prepared using the equation 


CO 


CA PC M 
Z T 


( 3 ) 


Which is a more exact equation than (1) for the flow through a fixed restriction. 


Figure 5 is a schematic drawing of the Mass Flow Controller. It incorporates a 
shutoff poppet, which is controlled by a two-position, three-way solenoid pilot valve 
for the off-on function. Downstream of the shutoff poppet is the pressure balanced 
throttling element, consisting of a stationary cylinder and a rotating cage. The cage 
is normally positioned by the belleville spring so that its slots are aligned with the 
slots in the cylinder. When the pressure at the outlet, Po, rises to the set value, 
the bellows, which connects with the cage through a linkage, rotates the cage toward 
a more restrictive position. The amount of cage rotation is that required to maintain 
the outlet pressure at its correct value for the temperature of the propellant. When 
(he propellant temperature increases, the internal pressure in the bellows increases 
and causes the MFC to control the outlet pressure to a higher value. 
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In order for the MFC to vary the outlet pressure with temperature in accordance 
with one of the curves of Figure 4, the slope must be correct and the pressure level 
must be correct. The slope of the curve is determined primarily by the bellows 
charge pressure: the greater the charge pressure, the steeper the slope (larger 
pressure change for a given change in propellant temperature). The pressure level 
of the MFC is determined by the pressure charge and the belleville spring load. 

3 . 1 Tolerance 

The all mechanical MFC is basically a temperature biased absolute pressure regulator. 
It uses a helium charged bellows to sense both the pressure and the temperature of the 
flowing gas. Because the MFC is a pressure operated device its precision is best 
expressed in terms of a tolerance in the control pressure, e.g. ±3 psi at 0°F tempera- 
ture. It is of interest however to relate pressure tolerance to tolerance in mass flow, 
mixture ratio and thrust when two controllers (an oxygen MFC and a hydrogen MFC) 
are used to supply a rocket engine. 

When one MFC delivers its propellant at a higher or lower pressure than the correct 
value, it causes a proportional error in the flow rate of its propellant. This error in 
flow rate results in a deviation in the chamber pressure of the rocket engine. The 
change in chamber pressure represents a change in the outlet pressure of the fixed 
flow restriction of the other propellant; consequently it causes an error in the mass 
flow rate of the other propellant even when the MFC for that propellant is controlling 
without a pressure error. 

An analytical method was developed for relating these tolerances. It consists of 
assuming a percentage error in flow rate of each propellant and calculating the 
resulting mixture ratio, chamber pressure, and control pressure for each propellant. 
Figures 6 and 7 were constructed from the results of several such computations. 
Details of the method are described below. 


An error of +x% error in oxygen flow rate and +y% error in hydrogen flow rate 
results in the following O/F mixture ratio 

x 

O/F = ( + 100 ’ (4) 


1 + 


X_ 

100 


and a change in flow rate through the engine of 


Ago 

go 


4 *- + I 

100 100 

5 


( 5 ) 
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A new chamber pressure was calculated using the chamber pressure from Figure 2 and 
modifying it by the new mass flow 


Pc 


i + 

<JL> 


x Pc (from curve) 


Equation (1) was then used to calculate a new outlet pressure, Po, for each propellant. 
These two pressures were used to establish a point on one curve of Figure 6 or 
Figure 7. 

For an oxidizer-fuel ratio of four, the hardware required for an oxygen MFC should 
be the same size as a hydrogen MFC. This follows since for equal pressure drop the 
flow passages should be approximately the same for both propellants. It is therefore 
logical to expect equal pressure errors of the MFC for each propellant. Figures 6 
and 7 show that for equal pressure errors the hydrogen MFC will suffer approximately 
twice the mass flow percentage error of the oxygen MFC. 

Figure 8 is a plot of the allowable pressure band over the entire temperature range 
band on a mass flow error of 2-1/2 percent and 5 percent for the oxygen and hydrogen 
units respectively. This figure shows that the allowable pressure error decreases 
as the temperature of the propellants decreases. 

The allowable pressure control band can be increased without increasing the mass 
flow error by designing the system for a greater pressure drop through the fixed 
flow restriction. (See paragraph 6.3) 


3 . 2 Bellows Charge 

The bellows is charged with helium gas and subsequently sealed. The charge 
required to cause the MFC to control the outlet pressure in accordance with 
Figure 3 may be calculated from a force balance. The force balance, in its simplest 
form, consists of the 

1) spring force , F: belleville spring load plus the installed load 
in the bellows (the bellow is as sembled so that it is in compression throughout its 
stroke). The spring force acts to hold the throttling element in its open position. 
This force is a function of temperature, decreasing approximately 2% per 100°F 
increase . 


2) gas charge , P b , acting over the effective areas of the bellows, A^, 
pushes the throttling element toward the open position. This force varies directly 
with absolute temperature. 
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3) outlet pressure , Po, acting over the effective area of the bellows, 
Aj , opposes the other two forces and balances them, when the outlet pressure 
roaches the correct pressure value. 

The force equation in its simplest form is 


j— + Pb = Po < 6 > 

A b 

F 

If the terms — and Pk represent their magnitude at 100°F temperature, their 
Ah u l 

magnitude at any lower temperature T 


F 

A b (T) 


Jj + . 02(560- T)J: 



( 7 ) 


P 



T 

560~ X P b 


( 8 ) 


The above three equations and the values of Po taken from Figure 3 can be used to 
calculate Pk and . These calculations for the oxygen unit give 


P b = 112 psia at 100°F 


_F_ 

A b 


248 psi at 100°F 


During testing of the prototype MFC it was discovered that the above force balance 
requires modification in order to account for a temperature dependent closing force. 

This force results from the pressure drop between the throttling element and the MFC 
outlet. The pressure drop creates a difference in pressure across the belleville 
spring, resulting in an additional closing force on the throttling device. Additionally, 
the pressure drop results in a greater pressure surrounding the bellows than is indicated 
by the outlet pressure. These two effects are temperature dependent since pressure 
drop, at constant flow, is temperature dependent. 

The effect of the additional closing force was determined empirically. It results 
in the revised charge pressures and spring loads as follows: 


HS P36 8-70 




SYSTEMS DIVISION 
PARKER (21 HANNIPSN 


EER5716068 


WT 


9 


NO.. 


BY. 


.PAGE. 


REV 

LTR 

NC 





DATE 

1-19-72 






For the oxygen MFC 

= 148.7 psia at 100°F 
F/A b = 246.3 psi 
For the hydrogen MFC 
P b = 133.6 psia at 100®F 
F/A b = 261 .4 psi at 100 °F 


3 . 3 Thermal Response 

The thermal response of the MFC is determined by the rate at which the belleville 
spring and the helium charge inside the bellows respond to a temperature change of 
the propellant gas. The most rapid change of propellant temperature occurs when 
the MFC, stabilized at its maximum temperature (100°F), is opened with a gas 
supply at its minimum temperature (-210°F for an oxygen MFC, -260 °F for a 
hydrogen MFC). In this circumstance the MFC will regulate to a pressure higher 
than it should until the bellows and belleville cool to near the temperature of the 
propellant gas. Slower thermal response occurs when oxygen is the propellant as 
its thermal conductivity is less than that of hydrogen. 


Bellows - The bellows thermal response was calculated by assuming 
that the mass of the bellows is concentrated in the center of the bellows wall and 
that the length of the conduction path is one- half the wall thickness. The heat 
transferred from the center of the wall to its outer surface is derived from cooling the 
bellows mass; i.e. 


M b C b 


dTb 
d t 


Kb A b 

Lb 


XT b - T bo ) 


where the expression on the left side of the equation is the cooling 
rate of the bellows and the expression on the right the rate of 
conduction to the outer wall of the bellows. 


(9) 


The energy conducted to the outer wall of the bellows is transferred to the propellant 
by convection. 


K b A b 

( T b - T bo ) 

L b 


hAb (T bo - T g ) 


( 10 ) 
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Equation 10 can be solved for T^ 0 and the result substituted in equation °. The 
resulting expression may be written 

1 + 

hLb dTb 

dt = KbAb Tb - Tg 

LbMbCb 


an expression which can be integrated if Tb and t are considered as 
the only variables. Actually, conductivity, specific heat, and the 
film coefficient vary with temperature, but not sufficiently to 
invalidate the result. Integration gives 


t 


1 + 


_JSb_ 

h 1 + 


_*Sb^ 

Ub Mb Cb 


.[T b ,-_T g )t = o 
(Tb - Tg)t = t 


( 11 ) 


Figure 10 is a plot of Tb vs t obtained from equation 11 for the oxygen 
MFC. Values used for the constants are listed below. 


Kb = 1 . 1 6 x 10 


BTU 

Sec - i.n - *F 


Lb = 
Cb = 

Ab = 
Mb = 


7.85 x 10" 3 
BTU 

.076 


38.2 In 


lb - 
2 


In 


°F 

(Bellows area and mass were calculated 
neglecting the end fittings) 


.174 lbs 


h 


.34 x 10 


BTU 

Sec - in - °F 


Belleville Spring - An analogous expression to equation 11 for the 
relationship between belleville spring temperature Ts and time t is as follows; 


t = 


J + 


Ks 

hLs 


Ks As 


In Jig. -- T £>,t = o 
(Ts - Tg) t = t 


( 12 ) 


La MsCs 
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The equation was derived in the same manner as the equation for the 
bellows. The spring was considered symmetrical to a plane passing through its 
center (perpendicular to its axis) with the length of heat transfer equal to 1/4 its 
thickness and a heat transfer area equal to its surface area, or 

L s * . 0188 

As = 18 in^ 

M s = . 196 in 2 

Film coefficient, conductivity and specific heat was assumed to be the 
same as for the bellows. 

Figure 9 includes a plot of the belleville spring temperature vs. time 
obtained from Equation 12. 

The temperature of the bellows and the belleville spring at any time t 
was used to calculate a regulated outlet pressure for that same time. The technique 
used was to calculate (1) the amount that the helium gas charge pressure decreases 
(assuming that the helium gas temperature closely follows the bellows wall tempera- 
ture) as a result of its temperature decrease from its initial temperature to its 
temperature at time t and (2) the amount that the belleville spring force increases 
AFs ; as a result of its temperature decrease from its initial temperature to its 
temperature at time t. The regulated pressure at time t was taken to be its initial 
regulated pressure (360 psia) plus the belleville spring effect (AF s /Ajj ) less the 
pressure change of the helium charge. (This calculation did not include a term for 
the pressure drop through the unit. It did use a bellows charge pressure, 112 psia 
at 100 degrees F, which is correct for a MFC without the pressure drop effect 
(See paragraph 3. 2 ). Results of the calculation are plotted in Figure 10. It 

shows that the MFC, when subjected to a step temperature change of 310 degrees 
F, regulates within three psi of the correct pressure setting for the new propellant 
temperature within approximately two seconds. It is interesting to note from Figure 
11 that after 2 seconds time the temperature of both the bellows (-162 degrees F) 
and the belleville spring (-67 degrees F) are considerably greater than the pro- 
pellant temperature (-210 degrees F) and yet the regulation pressure is within 3 
psi of the correct regulation pressure. This apparent paradox is explained by 
noting that the effect of a bellows temperature error is opposite from the effect 
of a belleville spring temperature error; i. e. a bellows temperature higher than 
the propellant causes a high regulation pressure whereas a high belleville spring 
temperature causes a low regulation pressure. 
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4 * 0 design 

The Mass Flow Controller design is shown in Figures’ 11 and. 12. ■ .. Its primary 
elements are a shutoff valve incorporating a housing, a shutoff valve, a pressure 
balanced throttling device, consisting of a stationary cylinder and a rotating cage, 
a hermetically sealed bellows assembly containing a helium gas charge, and a nega- 
tive rate belleville spring. These elements are pictured in Drawing 5716187 and 
Drawing 5716068, reduced size copies of which are included as Figures. Hand 12. 
These elements are discussed in some detail below. 

4. 1 Housing 

The MFC is designed for an operating pressure of 2000 psia inlet and 
360 psia outlet (at 100 degrees F). Proof pressures are 3000 psia and 540 psia 
respectively. The housing is structurally sound for outlet pressures up to 2000 
psig but such pressures would damage the bellows. Safety factors at the flanges for 
inlet and outlet pressures of 3000 and 2000 psig respectively are shown on Figure 13. 

4. 2 Shutoff Valve 


The shutoff valve is a piston operated type controlled by a separate 
solenoid pilot valve. The poppet, which is clamped to the piston at its inner 
periphery, has some self -alignment capability at its seating surface, which pro- 
jects beyond the skirt of the piston and seats on a raised, flat-lapped annulus on 
the cylinder. In the closed position the poppet is pressure loaded in contact with 
the seat. 


The piston is normally spring loaded to the closed position. Pressure 
at the inlet communicates with the piston chamber via the solenoid pilot valve 
When the solenoid pilot valve is energized, the piston chamber is connected to 
the outlet port of the MFC. This causes the piston chamber to bleed down until 
the inlet pressure opens the piston. The piston is prevented from slamming open- 
ing by the built-in snubber action as the piston approaches its open position stop. 

The piston is guided by a CRESstem which moves in a filled Teflon 
bearing. Its peripheral seal consists of two step-cut piston rings of a filled Teflon 
material backed up by a CRES expander ring. 

4. 3 Cylinder and Cage 

The throttling element consists of a stationary cylinder and a rotating 
cage, each with six peripheral slots. Throttling occurs as the slots in the cage 
rotate out of alignment with those in the cylinder. 
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4. 3 (continued) 

There are six slots in the cylinder and six matching slots in the cage. 
Four of the slots are 1/8 -inch wide and two are 1 /4-inch wide. The orientation 
is such that the four narrow slots close simultaneously when the two wide slots 
are in their mid position. There is . 0025 radial clearance (nominal) between 
the two parts when installed. Twenty-three degrees rotation from the closed 
position is required to fully open all slots. The flow area versus rotation is 
shown on Figure 14. 

4. 4 Bellows Assembly 


The bellows used in the MFC was an off-the-shelf item. It has 
7-1/2 active convolutions and was obtained by machining an existing 14 
convolution bellows obtained from Robertshaw Controls Company, Knoxville, 
Tennessee. This bellows , Robertshaw P/N A2000A08, is a single-ply, hydro- 
statically formed, seamless, 18-8 CRES bellows with the following specifications: 


OD: 2. 00 

ID: 1. 34 inches 

Wall thickness: . 0157 in. 

Length per active corrugation: . 110 in. 

Spring rate per active corrugation: 4000 lb/in 
Maximum stroke per action corrugation: . 023 in. 
Effective area: 2. 22 in. ^ 

Maximum pressure rating: 395' psi differential 


Bellows Spring Rate 

The spring rate of the bellows is made up of a mechanical portion, or 
that due to the spring rate of the 7-1/2 active convolutions, and a pneumatic portion. 
The pneumatic spring rate results from the fact that the bellows cannot be deflected 
without compressing or expanding the internal charge. If the internal charge 
follows an isothermal process during deflection, the pneumatic spring rate may 
be calculated as follows: 


Differentiating the perfect gas equation for an isothermal process 
(pV = constant), 

d Pi 


dV 

dL 


~3J7 


= 0 


Since dV 

dF 

dL 


B an d dP 



dF 

A B 


(13) 
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The mechanical spring rate is approximately 535 lb/inch at room 
temperature and decreases with increasing temperature at a rate of approximately 
2% (10. 7 lbs/inch) per hundred degree change. The pneumatic rate is directly 
proportional to the internal pressure and consequently increases with increasing 
temperature. The bellows assemblies were charged with helium to 148. 7 psia 
(bellows assembly at midstroke, 100 degree F temperature) for the oxygen MFC 
and 133.6 psia for the hydrogen MFC. (See Paragraph 3.2 ) The spring rate 

variation with temperature is shown below for the bellows used in the oxygen MFC. 


Temperature 
Degrees F 

Mechanical 
Spring Rate 
lb /inch 

Pneumatic 
Spring Rate 
lb /inch 

Assembly 
Spring Rate 
lb /inch 

100 

532 

490 

1022 

-210 

565 

219 

784 

4. 5 Belleville Spring 




The spring loads, as described in the preceding paragraph, were 

found to be : 


F = 246. 3 x 2. 22 = 546 lbs. for the oxygen unit and 
F ~ 26 1. 4 x 2. 22 = 580 lbs. for the hydrogen unit 

Approximately 20 lbs of each of the above loads is obtained from the compression 
of the bellows. The remainder is the calculated load of the belleville at its mid- 
stroke position. 

The belleville spring operates in the negative spring rate regime 
throughout the operating stroke (. 036 inches) of the linkage. The spring rate of 
the belleville spring was designed to be near the spring rate of the bellows assem- 
bly. If the two were equal (but of opposite sign) the net spring rate would be zero. 
A zero spring rate system would permit the throttling device to take whatever 
restrictive position required by changing pressure and/or temperature of the 
propellant without change of outlet pressure. For stability reasons, however, 
it is desirable that the net spring rate remain positive. 

4. 6 Solenoid Pilot Valve 


The Solenoid Pilot Valve is a two-position, three-way direct operating 
valve purchased from Circle Seal Corporation, Part No. SV 30 A 32 P 4 T, cleaned 
for oxygen service. 
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5. 0 TEST PROGRAM 

The test program was originally planned to include component tests, 
prototype tests. Acceptance Tests and Design Verification Tests. It was necessary 
to expand this to include additional tests, termed "Pre Production Tests" because 
of unanticipated problems requiring (1) redesign of the cage and cylinder and (2) 
modifying the bellows charge. 

5. 1 Component Testing 

At the beginning of the program, certain components were recognized as 
being critical to the success of the all-mechanical Mass Flow Controller. These 
were (1) the cage and cylinder assembly (2) the charged bellows and (3) the belle- 
ville spring. Development tests were planned for these components to verify their 
performance as components before assembly into a complete MFC. 

5. 1. 1 Cage and Cylinder Assembly 

A prototype case and cylinder were machined from 17-4 barstock in 
accordance with Parker Drawings 5716069 and 5716070, both to Revision A. These 
components were assembled and tested in a test fixture. 

When pressure was applied, a high separating force was developed. 

This was determined to be caused by inadequate venting of the space between the 
cage and cylinder. The venting area was increased by slotting the end plate of 
the cage and chamfering its forward end. This eliminated the high separating 
force. 


Torque testing of the cylinder and cage was conducted at various pres- 
sures with an orifice in the outlet line downstream of the fixture of a size which 
will pass rated flow at approximately 300 psi in the test fixture. Torque readings 
were obtained using hand held torque wrench and also using an electrically driven 
torque meter. Results of the test using the torque meter are included as Figure 
15. The torques obtained indicate an opening torque on the cage, that is, the fluid 
tends to align the 6lot in the cage with the slot in the cylinder. 

An effort was made to eliminate or reduce the magnitude of the torque 
by the following three methods. 

(1) Shaping of the leading edge of the slot in the cage. 

( 2) Attaching a fence to the cage at two of the slots which protruded into 
the slot of the cylinder. The arrangement is shown in Figure 16. 
The fences produce an unbalanced pressure area which result in 
a closing torque when the slot in the cage is in the near closed posi- 
tion. 
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(3) Attaching a shroud to the cage which directs the flow from the 
slots in a longitudinal direction. The shroud is pictured in 
Figure 17. Various positions of the shroud were tried relative 
to the slots in the cage. 

The various devices tried in an effort to reduce the torque altered the 
shape of the torque -displacement curve but none showed a consistent improvement 
of the total torque range over the working angle of the assembly. 

Whenparts became available to complete the assembly of a MFC, the 
prototype cylinder and cage in its unmodified form was used in the assembly. The 
assembly was tested over an inlet pressure range of 400-1000 psig and performed 
without any problem traceable to a torque on the cage. Further torque tests of 
the cylinder and cage were discontinued. 

5. 1. 2 Prototype Bellows 

A prototype bellows assembly was fabricated and filled with helium 
to a pressure of 112 psia at midstroke and 100 degrees F temperature. (The 
pressure was calculated to be the required charge pressure for an oxygen MFC 
without a flow sensitivity correction). The bellows was stroked using a spring 
tester and a force deflection-curve obtained both for increasing load and for 
decreasing load. From this curve the following data was obtained. 

Force at midstroke: 225 lbs. 

Spring rate of filled bellows, 75 degrees F = 835 
Hysteresis: negligible 

The prototype bellows was used in the prototype MFC assembly. The performance 
of this unit is shown in Figure 19. 

5. 2 Prototype MFC Testing 

The first MFC was assembled using the prototype cage and cylinder, 
the prototype bellows assembly and the prototype belleville spring. It was tested 
in the test setup shown in Figure 19. 

Pressure regulation performance of this unit is shown in Figure 19. 
Analysis of this data resulted in the following conclusions: 

(1) Scatter of data at a particular flow rate is approximately 12 psi 
(- 6 psi). 

Decreasing the flow rate by changing the downstream orifice from 
. 687 diameter to . 624 diameter causes an upward shift in control 
pressure of approximately 20 psi at 0 degrees F. 


(2) 
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(3) The slope of the pressure vs. temperature curve at constant flow 
rate is less steep than the target curve. The target curve shown 
is obtained from the oxygen curve of Figure 3 less (a) 14. 7 psi 
to_ convert it to a sea level gage pressure reading) and (b) the 
velocity head in psi for rated flow in the outlet line where outlet 
pressure is measured. 

The prototype MFC was cycled 1000 times at room temperatures using 
a solenoid pilot valve. Inlet pressure was 400 psia. Following the cycle test the 
unit was disassembled and inspected. No damage was detected as a result of the 
cycle test. 

5. 3 Pre Production Testing 

Analysis of the results of testing the prototype components and the 
prototype MFC assembly led to certain design changes. The bellows assembly 
charge pressure was increased to increase the slope of the pressure regulation 
curve and the cage and cylinder were altered for increased strength and improved 
performance. 

The cage wall thickness was increased to strengthen it where the 
prototype cage had proved weak. The journal of the bearing was increased in 
section to reduce the deflection resulting from the linkage loads. 

The radial clearance between the cage and cylinder was decreased 
and the length of the slots were decreased to reduce the fluid torque effects and 
consequently improve precision. The cage and cylinder were made in a four- 
slot and sixr slot version. Comparative tests showed the six slot version markedly 
superior. All testing of the four-slot version was discontinued and six-slot cages 
were ordered for all production units. 


At this time it was decided that remaining performance testing would 
be conducted over a 500-700 psi inlet pressure range rather than 400-2000 psi 
design range. The limited inlet pressure range avoids the inlet pressures which 
cause a still unexplained rise in outlet pressure of approximately 20 psi. The 
inlet pressure range of 500 to 700 psig is consistent with use of a roughing regu- 
lator upstream of the MFC. 

The body which had been used on the prototype MFC was modified by 
adding a second outlet port. This was accomplished by drilling a hole in the body 
downstream of the cylinder and cage assembly, tapping a 1-inch pipe thread and 
installing an AN816-16 nipple. The body was used in a complete assembly using 
a six slot cage and cylinder configuration. The original outlet port was capped 
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^nd the unit placed in the test setup with the downstream system, including the ori- 
fice, connected to the new outlet port. In this configuration the flow passes from 
the cylinder and cage to the outlet, bypassing the belle ville spring and bellows. Out- 
let pressure was modified at the port in the original outlet flange which opens to 
the region of the bellows. The bellows assembly used was charged to 135 psia at 
100 degrees F, midstroke position. 

The modified assembly was tested with orifices of . 687 diameter and 
. 562 diameter installed in the outlet. The resulting pressure regulator curves are 
shown in Figure 20. The curve for the . 687 diameter orifice shows the outlet pressure 
to be approximately 42 psi higher at 0° F than when tested in the conventional manner. 
This increase results from (1) elimination of the closing force on the belleville spring 
and (2) measurement of the pressure at a location which is at the same pressure level 
as the bellows. The tests also show an upward shift in outlet pressure of approximately 
9 psi ( at0° F) when the orifice in the outlet is changed from . 687 to . 562 diameter. 

This is a smaller shift than occurs when testing the unit in the conventional manner 
but is greater than anticipated. 

Analysis of the test data resulted in the revised bellows charge levels 
described in paragraph 3. 2. A bellows charged to the new level was assembled in 
a MFC using an unmodified body. The pressure regulation curves resulting are shown 
in Figure 21 for an orifice size of . 687 and . 624 diameter. A point on the rated flow 
performance curve is obtained where the test points taken for a . 687 diameter orifice 
cross the rated flow line for that orifice. A second point on the rated flow perfor- 
mance curve is obtained where the test points for the . 624 diameter orifice cross the 
rated flow line for that orifice. A line joining these two points is the rated flow per- 
formance curve. This curve shows the correct slope for an oxygen MFC and the 
correct pressure level. 

The best transient temperature test occurred during test of this unit. 

The inlet temperature was suddenly lowe red by approximately 300°F. The recorder 
trace obtained is reproduced as Figure 22. It shows inlet temperature, outlet temp- 
erature and outlet pressure vs. time. The test was conducted with a . 624 diameter 
orifice in the outlet line and an inlet pressure of approximately 600 psig. The trace 
shows the inlet temperature changing more rapidly than the temperature measured at 
the bellows which is to be expected since there is some warming of the gas as it 
passes through the MFC. The outlet pressure responds more rapidly than either 
temperature which indicates that the charged bellows responds more rapidly than 
the thermocouples used in the test. 

The data from Figure 22 is reproduced on a larger scale in Figure 23. Plotted also 
in Figure 23 is the transient curve prepared from calculations for a step tempera- 
ture change. (See paragraph 3. 3 and Figure 10. ) 

The test curve covers a greater pressure range since it is a test with 
a . 624 diameter orifice in the outlet line (hence the flow rate increases as the temp- 
erature decreases) rather than with constant rated flow throughout the temperature 
range. The test curve shows the outlet pressure to change more slowly than the 
calculated curve. Part of the difference is explained by the fact that (1) a true step 
temperature change was not obtained in the test and (2) some warming of the flow 
occurs between the inlet and the bellows which was not accounted for in the calculations. 
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An interesting recorder trace obtained with the preproduction unit by amplifying 
the outlet pressure signal. This trace is reproduced as Figure 24. It shows very 
clearly the variation in outlet pressure as the temperature varies. It also shows 
the outlet pressure responds more rapidly than does the thermocouple used to measure 
the temperature. 

5. 4 Acceptance Tests 

Four MFC units were assembled in accordance with the Manufacturing Operations 
Routing for Part No. 5716068, a copy of which is included in the appendix. For each 
bellows assembly and each belleville spring used, a load deflection curve was obtained 
by use of a spring tester. These curves are included in the appendix. The curves 
show a belleville negative spring rate somewhat greater in magnitude than the bellows 
assembly positive spring rate. This results in a slightly negative spring rate of the 
MFC which is undesirable for stability. Instability did not prove to be a problem 
however during testing at limited inlet pressures (500-700 psig). 

All production MFC units, adaptors and solenoid pilot valves were tested in 
accordance with PTS5716068. Copies of these documents are included in the appendix. 
Results of these tests are summarized below Copies of actual data sheets are included 
in the appendix. 
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5. 4. 1 Leakage 

Leakages recorded for the four production units are summarized 
in Table 1. External leakage occurred at the joint when the cap attaches to the 
body which sees inlet pressure, and at the joint where the housing attaches to 
the body, which sees outlet pressure. The seals used consist of a single piece 
Teflon jacket with an internal CRES expander spring and are standard parts ob- 
tained from Rico. Surfaces in contact with the seals have finishes and dimensions 
in accordance with the seal manufacturer's recommendations. Total external 
leakage at the limited inlet pressure is less than 10 seem. 

Internal leakage occurred at the poppet seat (which may have been 
augmented by leakage past two Raco seals which are potential parallel leakage 
within two light bands and with a finish of four micro inch, except for one oxygen 
MFC, S/N 02. This unit leaked excessively. 

Another leakage recorded on the data sheets but not listed in Table 
1 is the piston leakage. This is the leakage past the piston ring and occurs only 
when the MFC unit is open. This leakage passes through the solenoid pilot valve 
and into the MFC outlet, bypassing the throttling device. It produces no detectable 
effect on the performance of the MFC. 

5. 4. 2 Pressure Response 

A recorder trace obtained during a pressure response test is shown 
as Figure 25. Four inputs were monitored: 

(a) Solenoid voltage 

(b) Inlet pressure 

(c) Outlet pressure 

(d) Pressure in the shutoff piston chamber 

5. 4. 2. 1 Opening Response 

When the solenoid pilot valve is energized it shuts off the fluid com- 
munication path from the MFC inlet to the shutoff valve piston chamber and opens a 
communication path from the piston chamber to the MFC outlet. The pressure in 
the chamber then blows down until the shutoff piston begins to move. Once the pis- 
ton begins to move, the downstream face of the piston, unpressurized when closed, 
becomes pressurized. The increased area exposed to pressure produces sufficient 
force on the piston to open it fully without further flow of gas from the piston chamber. 
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The opening time can be considered to consist of four intervals: 

(1) Solenoid Response Time - the time required for the two-position 
solenoid pilot valve to shift position after energization, (^0 milliseconds) 

(2) Blowdown Time - the time required to depressurize the piston 

chamber to the pressure at which the piston can begin to move. 

(60 milliseconds) 

(3) Piston Travel Time - the time required for the piston to travel 
sufficiently to pass rated flow. (20 milliseconds) 

(4) Controller Reaction Time - the time for the throttling element, 
which is initially fully open, to overshoot, recover, and achieve 
regulation. (20 milliseconds) 

The times shown in parentheses are the times taken from the recorder 
traces of Figure 25. 

5. 4. 2. 2 Closing Response 

When the solenoid pilot valve is de-energized it shuts off the fluid 
communication path between the piston chamber and the MFC outlet port and opens 
a path from the MFC inlet to the piston chamber. The pressure in the piston cham- 
ber then rises to near inlet pressure and is closed by the piston return spring. 

When the piston approaches the seat the pressure drop across the piston produces 
an additional closing force. 

The closing time can be considered to consist of 4 intervals. 

(1) Solenoid Response Time: the time required for the two-position 
solenoid pilot valve to shift position after de -energization. 

( 5 milliseconds) 

(2) Pressurization Time: the time required for the chamber to 
pressurize to the point when the spring can initiate closing. 

(25 milliseconds) 

(3) Spring Closure Time: the time required for the spring to return 
the piston from its fully open position to the point when the 
pressure drop across the piston aids closure. (11 5 milliseconds) 

(4) Pressure Assisted Closure Time: the time required for the 
piston to move the final distance under the influence of the 
pressure drop across the piston and, to a lesser extent, the 
spring force. (10 milliseconds) 

These times shown in parentheses are the times taken from the 
recorder traces of Figure 25. 
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5. 4. 3 Control Pressure with Varying Inlet Pressure 

Pressure regulation performance was obtained over an inlet pressure 
range up to 1000 psig with the temperature essentially constant. A typical trace 
obtained from one of the four units (an oxygen MFC, Serial No. 02) is included as 
Figure 26. This curve shows that the MFC controls outlet pressure high by as much 
as 20 psi when the inlet pressure is between 400 and 500 psig for both increasing and 
decreasing inlet pressure. The reason for this pressure rise was not established 
conclusively but is suspected to be associated with torqueon the cage. The outlet 
pressure is low also during increasing inlet pressure between 700 and 900 psig and 
during decreasing inlet pressure between 950 and 700 psig although the effect is not 
so great as at the low inlet pressures. 

5. 4. 4 Control Pressure with Varying *Rmperature 

Pressure regulation performance was obtained throughout the tempera- 
ture range with the inlet pressure in the 500-700 psig range. Each unit was tested 
without thermal conditioning using a . 687 diameter orifice in the outlet. An orifice 
of . 624 inch diameter was substituted prior to the test runs in which thermal condi- 
tioning was accomplished. A curve plotted for one of the four units (an oxygen MFC, 
Serial No. 02) is shown on Figure 27. Similar curves for the remaining three units 
are included in the appendix. The curves show that the units were not adjusted as 
precisely as was the preproduction unit. (See Figure 21. ) The slope of the constant 
flow curve does not match the target slope as well as did the preproduction unit. 

5. 4. 5 Thermal Response 

Thermal response was conducted on each unit and the results tabulated 
in Table 2. This shows the magnitude of the inlet temperature change resulting from 
a sudden opening of the liquid nitrogen supply and the time required for the outlet 
pressure to reach the new equilibrium pressure. 

5. 5 Design Verification Testing 

One of the four units ( a hydrogen MFC, Serial No. 01) was subjected 
to Design Verification Testing in accordance with DVT5716068, a copy of which is 
included in the appendix. Test results are summarized in Table 3 . Copies of actual 
data sheets are included in the appendix. 

5. 5. 1 Endurance Test 


The unit was cycled with the solenoid pilot valve at an inlet pressure 
of 400 psig. A sufficiently small orifice was installed in the outlet to cause the 
throttling element to reach its fully restricted position each time the solenoid valve 
opened. Ten thousand cycles we re imposed. Poppet leakage following the cycle 
test was approximately the same as before the test. The piston leakage increased 
but not sufficient to affect performance 
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5. 5. 2 Pressure Drop Test 

The pressure drop test was conducted at an outlet pressure well 
below the set pressure to assure that the throttling element was in its fully open 
position. At 100 ° F (outlet pressure of 360 psia) the test data indicates a pressure 
drop of 60 psi which exceeds the 40 psi design point. The excess pressure drop 
resulted from the changes to the cage and cylinder following the prototype tests, 
which decreased the open flow area. The pressure drop of the unit is adequate for 
the revised inlet pressure range (500 - 700 psig), which requires a pressure drop 
less than 155 psi at full flow. 

5. 6 Helium Test 


One of the two hydrogen units (Serial No. 02) was tested for stability 
using helium as the flowing medium. The test setup was identical to that shown on 
Figure 18 except that a "six pack" of helium bottles manifolded together was connec- 
ted to the MFC inlet in place of the gaseous nitrogen supply . No thermal condition- 
ing was employed but the spherical pressure vessel was utilized (by opening b^ll valve 
B 2 ) to lengthen the time of the test run. This was necessary since the opening from 
the manifolded six pack was too small to meet the flow demand of the MFC. An ori- 
fice of . 687 inch diameter was installed in the outlet for this test. The inlet pressure 
was approximately 600 psig. No audible instability was detected with helium as the 
test medium nor did the outlet pressure as monitored by the recorder indicate an 
instability. The length of the test run obtainable by this test method is too limited to 
establish conclusively that the MFC is stable with helium flowing. 
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b. 0 CONCLUSIONS AND RECOMMENDATIONS 

b* 1 The all mechanical mass flow controller can control outlet pressure within 

± 1 percent over the entire temperature range ( - 250 ° F to + 100 °F) provided the 
inlet pressure range is limited to 500-700 psig. Further development is recommended 
to increase the inlet pressure range without adversely affecting the control pressure 
band* The element in the MFC which requires improvement is the throttling device 
(the cylinder and cage). 

b* ^ The errors in mass flow control and mixture ratio resulting from a 

pressure control error of ± 1 percent were determined by analytical techniques. 

It is recommended that these errors be determined also during test firing of a 
rocket engine with the propellants supplied through two all mechanical MFC units. 

b* 3 The error in mass flow and mixture ratio resulting from an error in 

control pressure of ± 1% is shown over the entire temperature range in Figure 28 
The curve was calculated on the basis of a pressure drop through the fixed restric- 
tion of 60 psi (at 100 °F). For a pressure drop of 120 psi the errors in mass flow 
and mixture ratios are less. These are plotted in Figure 29 . It is recommended 

that the pressure drop allowable through the fixed restriction be reviewed to ascer- 
tain whether it can be increased and how much. 

b* 4 The design which was tested is flow sensitive. Its control pressure change 

when the flow rate changes. This characteristic is undesirable in an application when 
one MFC unit supplies a cluster of rocket engines. The flow sensitivity can be con- 
siderably reduced, by redesigning so that the flow does not pass through the belleville 
spring. Additional improvement can be achieved by reducing the pressure drop be- 
tween the throttling element and the outlet port. It is recommended that further 
work be performed to determine how much improvement is feasible. 




NoEER .5716068 


Page 25 


flow eatte. , w 

/ BIASED 

/ ABSOLUTE PRESSURE REGULATOR, 


Pi INLET PRESSURE 


j- po CONTROL PRESSURE 

T 

FIXED FLOW RESTRICTION 
C EFFECTIVE AREA, s ca ) 


p c CUAWBRE PRESSURE 
C essentially constant > 


FVGURR I 


PeiMClPUL OF all NRCUAWlCAL 
WASE FLOW CovjTeo LLER, 



6f PteC)PeiLAWT& ekterIiho ; _cmamb£k. . Bdrm : <&«vse^ 
































































































































































No. EER5716068 


Page 33 












































































FV^OteS- 












No. EER5716068 


Page 37 



SAFETT FACTOR.^ feAEEO ON\ OLTNttA-CC. 

Sl'fcAUGTuS OF tWEttvALS AT Pe'EStbORCG lNOVCATsX> 
CQE?> 3AT '• I'jOOO PS\ OCTlfAATt 
A\_ A\.M <Z& 6 \- 4 *)OOC> P*>\ OLTlf^A-TE. 

AL ALM 25CbTt»- 3*000 f^\ UUnr«V*Tt 

2. s^exLSSt* CAV-Cu \_ at eo pe«. AJSTOfc. Code 


FiGuet 13 safetx facto bs fob flanges, of /AFC 



































No. EER571t'0o8 


Page 3° 


9 


GOUDWOUS- Pfeessufcfc. EMT 10 £.t>W* CHLJ 70Q 




cjjXk:UJ^fe !(a6TA7io>0 j 

. 0 *. CA<*Sk._ 


GOO 



FIQUR-E. TORQUE ,OU PEoTOTMPE. CASE. DOK'UG ££>TATiO>J 


C 


( C 'V 


OOTLET PBESSUPt PS\IG. 


No. EER5716068 


Page 40 



FIGURE. IG PEOTOTHPE- CAGE AjJO CWUAJC2LE UTTU FENCE 




68 


Page -4i 





No. EER 371^068 


Pase 42 


V/E-WTO^A 


B, ,Bi > S> a - l" Bav.i vALVt 
D, , D 2 *• Done. LQA.oe.o 

Peessoee. be cuustoe. 

G (> Ga , G a , <3* : P«iCESvjB«. 6Ao<se. 

G& 1 DlPFEOWTVAL PCESkS C>AO<S6. 


O&s 

OWPICJE. 


i ft 

1 5 . ■’CO&'tiG 


R.E.LDZ.DE.K 


o o o o o 



U (> 14 4 * HAwCx IXACCR. 
S • Sau>»ovo vAVNt 





































FIGC 
































No. EER5716068 


Page 47 






















No. EERS/l^OcS 

Eev A 


Page 48 ft 



PfeLasuae. iM. THt 
SHOTOFF PVSTOK CUttO&t-R, 


















































































No. EER5716068 


Page 54 




leakage „ 

( TH.ST MEO»UM 

SCCM 

• gm»; 




WVOPOGEM MFC 

OXTGENi 

MFC 


Ffe^SSUtSE. 

P/N 571GO&8 - 10 1 

p Aj 571GOG© - IOE f 

EKtERWAL 

PSVG 

SA) Ol 

S/10 02 

6/0 Cl 

VL 02 

LEAKAGE. 






CAP FLANGE 

>000 


5 

S 

a 


2000 


15 

»5 

54 

UOOSIttG FLANGE 

400 

« l 

O 

2 

0 

SOLENOID VALVE 

5000 

O 

O 

O 

0 

internal 






leakage. 






POPPET 

400 

50 

M 

345 

9000 


1000 

350 

420 

1 140 

24000 


2000 

1575 

1*520 

25»5 

40 OOO 

SolBWO'O vawe 






DiEPdZEO 

5000 

O 

O 

O 

0 

DeexioR&\' 2 eo 

5000 

0 

0 

0 

0 


TABLE. I 


results, of leakage, te^sts of 

MASS FLOW COKiTeOLLE^S, 















No. 5716068 


Page 55 


l WTE15MAL C POPPET } 

LEAKAGE j 

SCCM OKa. 

IMLET 

Bepoee 

AFTER 

PRESSURE 

PSIG 

CYCLES 

lO OOO CMCLES 

■400 

50 

45 

IOOO 

330 

500 

zooo 


1300 

PRESSURE DROP TKROOGU PULL'S OPEK tAPC 


<TOp = 1400 PSl AT RATED. FLOW 

dexjeitv of <=»M Z at MFC outlet 

c r * : — 

Demlvtt ot &o a at > MAospvvane., 7 o f 


TA.BUL Z SOMMART OT DV/T TEST RESULTS 



No. EER571 6068 Page 56 


MWOOOGEU F\FC 
S*UGOG8> - \OV 

Vu o\ 

S/m 0 2 

re^FeeXTOitE 
CMAMGt > 

°F 

COK1TCOL 

PBEMOBS. 

CWAMGt^ 

PSl 

time eea’o, 
secs 

- 170 

- 2.42. 

- 2 S 

-2*> 

O.A 

US 

O^SEKX fAFC 




- \OZ 




Vm Ol 

- IV2. 

- 20 

O.G 

s/m ©2. 

- 12.5 

- >2 

0.8 


T AfiLE. ^ 


ee.SU as OF TWBifcAVM. etSFONSe. TESTS 
OF fAASS FLOW COMT CO LLE.E.S 



SYSTEMS DIVISION 
PARKER Q HANNIFI 


N0 EER5716068 by_JO!^_pag£_£zI 


REV 

LTR 

NC 





DATE 

1-19-72 






APPENDIX A 

MANUFACTURING OPERATION ROUTING 
for P/N 5716068 
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1.0 SCOPE 


This document specifies the test procedure for the Mass Flow Controller 
(MFC.) Solenoid Pilot Valve andAdapters supplied to NASA Houston for controlling 
the flow of gaseous hydrogen and gaseous oxygen propellants, PN 57161 87. 


0 TEST REQUIREMENTS 


2.1 Test Fa cilities - All testing shall be conducted at the Systems 
Division, Parker Hannifin Corporation, Irvine California Facility. 

2 * 2 T. c s t Results - Complete test results data shall be recorded 

for each acceptance test. 

2.2 Enviro nmental - Unless otherwise specified all testing shall 
be conducted within the following environmental conditions: 

a. Temperature: 75° ± Z0°F 

b. Relative Humidity: 90 percent or less 

c. Barometric Pressure: Local Atmosphere 

2 ’’^ Test Media - The test media used for acceptance testing shall 

be nito rgen in accordance with MIL-P-27401. 

2 * 5 Tolerances - Unless otherwise specified, the following tolerances 

apply to the application of test requirements and the recording of data: 

a. Temperature: ± 3°F 

b. Barometric Pressure: ± 5 percent 

c. Pressure: ± 1 percent 

d. Flow Rate: ± 2 percent 

, e. Leakage Rate: ± 3 percent 
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3. 0 DETAILED test procedures 
3. 1 Solenoid Valve 


3. 1. 1 


Proof Pres sure 


3. 1. ). 1 Setup - Connect pressure source to Ports A, B and C to permit 
pressurizing all three ports simultaneously. 


3. 1. 1.2 Procedure - Apply 3000 psig for 5 minutes. 
3.1,2 External Leakage 

3. 1 . 2. 1 Setup - Same as proof pressure test. 


3. 1.2.2 Procedure - Apply 2000 psi to ports and immerse valve in freon 
or alcohol past the flange where solenoid mounts. Observe for bubbles. There 
shall be no bubbles during 2 - minute test. 


3*1*3 In t c r n a 1 L c a k a g e 

3. 1 . 3. 1 Setup - Connect pressure source tcNO PortA and connect tube 
to Port B. Cap PortC. Immerse tube in liquid. 

3. 1. 3. 2 P rocedure - Apply 2000 psi toPort A and observe for bubbles. 
Record number of bubbles during 2 minute test. 

Remove tube from liquid and energize valve with 28 volts DC. Immerse tube and 
observe for bubbles. Record number of bubbles during 2 minute test. 


3.1.4 A ctuat ion 


3. 1. 4. 1 Setup - Connect pressure sourceto NO Port A and connect 
gauge to Port C. Leave Port B open. 

3. 1. 4. 2 Procedure - Apply 2000 psi to Port A and energize solenoid 
with 28 volts DC. De-energize solenoid. Repeat 5 times observing gauge. Valve- 
must open and close promptly as signified by pressure at the gauge. 
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3. Z 
3. Z. 1 

3. Z. Z 
3. 3 
3. 3. 1 

3. 3. Z 
3. 4 


57161 54 Inlet Adapter Proof Tost 

Setup - Install Inlet Adapter in Fixture No. S65-0-1802. 
Procedure - Apply 3000 psi for 5 minutes. 

5716155 Outlet Adapter Proof Tost 

Setup - Install Outlet Adapter in Fixture No. S65-0-180Z. 
Procedure - Apply Z000 psig for 5 minutes. 

5716068-101 and - 1 0Z Mass Flow Controller Assy 
Test per PTS5716068 Acceptance Test Procedure. 
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1. 0 SCOPE 

/ 

This document specifics the test procedure for the Mass Flow Controller 
(MtC) supplied to NASA Houston for controlling the flow of gaseous hydrogen and 
gaseous oxygon propellants, 

PN 5716068-101 Hydrogen Mass Flow Controller 
5716068-102 Oxygen Mass Flow Controller 

2. 0 TEST REQUIREMENTS 

2. 1 Test Facilities - All testing shall be conducted at the Systems 

Division, Parker Hannifin Corporation, Irvine California Facility. 

2. 2 Test Results - Complete test results data shall be recorded 

for each acceptance test. 

2.3 Environmental - Unless otherwise specified all testing shall be 
conducted within the following environmental conditions: 

a. Temperature: 75° ± 20°F 

b. Relative Humidity: 90 percent or less 

c. Barometric Pressure: Local Atmosphere 

2.4 Test Media - The test media used for acceptance testing shall 
be nitrogen in accordance with MIL-P-27401. 

• 2.5 T ole ranees - Unless otherwise specified, the following tolerances 

apply to the application of test requirements and the recording of data: 

a. Temperature: ± 3°F 

b. Barometric Pressure: ± 5 percent 

c. Pressure: ± 1 percent 

d. Flow Rate: ± 2 percent 

e. Leakage Rate: ± 3 percent 
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2 . 6 


Equipment (Shown on Figure 2) 

D , B 2 . D 3 

D 1 

°2 

G j , , G 3 , G 4 

G 5 


Mixer 
Recorde r 
S 

Venturi Flow Meter 


Jamesbury 1 ' Ball Valve 

Grove Model M- 1 3958-D 

Dome Loaded Pressure Regulator 

A PC O 1 12900-23 Dome Loaded 

Pressure Regulator 

Pressure Gauge, psi 

Differential Pressure Gauge, 

inches H^O 

Marotta Hand Loader 

Benbow Hand Loader 

Parker S65-0-1795 

7 Channel 

Victor Solenoid Valve 

SV 30A32P4T 

Barco BR 31615-68-61 


3.0 DF TAILED TEST PROCEDURES 


3. 1 Proof Pressure and External Leakage 

3. 1 . 1 Setup - The test setup shall be as shown in Figure 1. 

3.1.2 P roce du re 

Ini et - Open shutoff valves Vj and V^ and close V^. Immerse 
unit and apply 3000 psig with regulator valve for two minutes. Reduce pressure 
to 2000 psig and observe for bubbles. There shall be no bubbles in a two minute 
to st. 


Outlet - Close shutoff valve V} and V^ and open valve V^. 
Apply 525 psig to inlet port for two minutes. Reduce pressure to 400 psig and 
observe for bubbles. There shall be no bubbles in a two minute test. 

3. 2 Internal Leakage 

3 . 2. 1 Setup - Use setup shown in Figure 1 except attach flow meters 

to outlet of shutoff valves V^ and V 3 suitable for measuring internal leakage. 
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3. 2. Z Procedure 

" f 

Popp £t - Open shutoff valves Yj and V' 3 and close V;>. Using 
regulator valve apply pressure to inlet port of 400, 1000 and 2000 psig. Record 
leakage from Vo. 


Piston Seal - Close shutoff valves and and open V^, 

Using regulator valve apply pressure to inlet port of 50, 100, 200 and 400 psig. 
Record leak a g e f rom V ^ • 

3 . 3 Response Regulation 

3* 3. 1 Setup - Use setup shown in Figure 2. For tests conducted without 

adding l.N,, use orifice diameter of .687 inch. For tests conducted with use 

orifice diameter of . 624 inch. Record pj , p 2 , p 3 , T ]( T z , and voltage at solenoid. 

3. 3. 2 Ambient Temperature Tests (. 687 inch orifice) 

3*3.2. 1 Using dome loader Dj.establish the pressure which re sul ts in 
660 * 50 psig at P j when the MFC is open and flowing. Open MFC shutoff poppet by 
closing switch. Use a recorder speed sufficient to obtain response of unit. Close 
MFC! by opening switch. 


3. 3. 2. 2 Open MFC by closing switch with inlet pressure of 350 ± 50 psig. 
Increase inlet pressure to 1000 psig and lower to 350 psig, obtaining a trace of 
outlet pressure as inlet pressure varies. 

3. 3. 2. 3 Repeat 3. 3. 2.1 with inlet pressure set for 1000 ± 50 psig. 

3. 3. 3 Cold Test (. 624 inch orifice) 


3. 3. 3. 1 Using dome loader Dj establish the pressure which results in 
550 ± 50 psig when the MFC is open and with LN£ injected in quantity sufficient to 
produce an outlet temperature of -210°F or lower. Using dome loader D t establish 
a pressure on the LN^ container required to flow LN., at the required rate when 
ball valve is opened. 
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3. 3. 3. Z Close switch and open ball valve simultaneously. Obtain a 
trace of outlet pressure as the temperature drops to -210°F. 

3. 3. 3. 3 Close (and increase pressure of dome loader Dj if required 
to maintain inlet pressure to MFC) and obtain trace of outlet pressure as temperature 
warms to ambient. 

3# 3. 3.4 Repeat 3. 3. 3. 1 - 3. 3. 3. 3 with inlet pressure of 1000 ± 50 psig. 

3, 3. 4 During response and regulation test 

a. Note any region of instability. 

b. Observe for evidence of external leakage when MFC is 
cold. 


IS P3G 8 70 





Mass Pv.cui CokvrcoLitfcL 















SYSTEMS DIVISION 

PARKER Q HANNIFIN 


EER5716068 nv WT 


REV 

LTR 

NC 





DATE 

1-9-72 






APPENDIX F 


ACCEPTANCE TEST DATA SHEETS 






F? 21 E R ggj E-3AN?JIFIN 

r f port wo EER5716068 B ^. r F-2 


.« — nc „ wt ».-?-« 

DATA BY: j2&Ll£ P DATE //-/£-?/ i*** 

>1 : 

PROOF PR F S.S w £ C <*- FX TER tiftl LK £r 


BAPC-M . 

PRESS. 1*. Hi 

TEST si 

MEDIUM (r/VV 

* £ T BUL9 

TEMP. °f . 

u »o. . «,«£ /JMyx 

---’ z 7 / <£ &£>& — 1 O ( £OAjrKoLi CF £ 

MEDIUM 

TEUP. O f 

DRY BULB 

TEMP. P- 

































PARKER HANNIFIN 

report no. EER57 16068 _ PA r.r F-3 

DATA BY: i flQ . DATE li- l Z *1 £ APPR 

II ST: 

JTNTFRNA L LEflKfl&E 

SAMPLE NO. T5 

?AR0M . 

•’RESS . H. 

MEDIUM (^r 2_ 

if T BULB 

TEMP. °F 

" ,kU ' No - A NAML /if a ss rcjLO 

£57 / 6 o & 3 - / 0 1 C d/J T L L IrfZ 

MEDIUM 

TEMP. 7^ ° r 

CRT BULB 

TEMP. *f. 



S£TUP PER. 


IU. hFC. Vu Q \ 


H • — • • SPEC. DATA SHEET Bo. 

PHLA. 1P6 (4-69) 











































PARKER gjj HANMBFIN 

rlport no. _ EER5716068 l)J ;r F-4 


«EV. IT.. NC ov WT _ 1-9-72 

OATA BY; DATE // “ ? ^iPPR . _. 

TL ST; 

PROOF PRESS U R F <t- FXTER ts/ftL LK £■ 

Bfl9HS535993S 

BAPOM . 

PRESS . |«. H fe 

MEDIUM (S’AJ 7^ 

*CT BUL9 

TEMP. V. 

.myrrrm 7777 77777 

*7/ 6> o <oO> /Of C OSJ 7 O L L IF ^ 

WE C 1 UU 

temp. °r. 

DRY BULB 

TEMP. °f. 



J. II.. 


-REF. SPEC. 


PHLA. IP 6 (4-69) 


-DATA sheet no. 






























PARKER Ssyj HANNIFII 


■ 


EER5716068 


REPORT NO.. 


REV. LTR 

DATA BV: EEjZ H ' ^ 2. 


F - 5 
1-9-72 


JTA/TERNPL LE ft K ft & E 


rlART NO. 4 NAME /^lASS E A. O 

EE *7 / ^ 0 E> &> — \ O \ co/j troll E ps 


TEST 

MEDIUM 


MED I UM 
TEMP . 


/J 


BAROM . 
PRESS . 


*E T 0UL* 
2 - TEMP. 


DRY 0UL9 
°F . TEMP. 



TAJ LET 

P/fESSUR E 

OW TLtT 

PRE S3 <J*E 


rtCTUA | 

PfQ 

RctUAL 

PS l (S- 

Pol 6 

PS 1 6r 

p 51 6- 


Ti M £ 


Popprr T if- 










































PA R K £-; R H A M EVSSFBPd 

REPORT NO. EER 5716068 o*r_r F-6 

rev. i tb NC OY WT _ 1-9-72 

DATA BY: OSWlfiO D ATE / / ' 7 / APPR 

US?; 

/ '/\ t '0 F ptf r SSu 4 fx 7 EX Vrt E /_ K £- 


BAfiOM . 

PRESS . t m . H ; 

MEDIUM C^/Vx 

*ET BULB 

TEMP. °f. 

'" l 

O /V ^ &> — / O 2* COAJ7KoLLl~t^ 

MED 1 UM 

temp. 7 6*" °r. 

DRT BULB 

TEMP. v V . 



J. H 

PH LA IP 6 (4-69) 


REF. SPEC 


DATA SHEET ho 





































HANNIFIN 


Rl.RORT NO.. 
REV. LTR... 
DATA BY : Et 


EER5716068 


-XW T FrRN/) L LEfiKP&E 


^ART NO. A NAME „ v/1 <■ , 


■S*/ 7 / 6 O /> 3 " /OH 


A-lA SS Fco tsU 
? -/OH CO/JTpOLL £R 


TPL ET OUTLtT 

P/fESSURE PRESSURE 


TEST 
MED IUM 


(zt-* ; 


MEDIUM 

TEMP. 7J" 


T i M E 


PA aJo . I Psi& P5\& 


if DO | 


1 

/9C7UAC ! 

1 

RF <3 | 

Actual 

P 510- 


SFC 


PoPPf~'T 6 > 





SETUP PER. 


J. H 

PHI A 1 P 6 C 4 -M) 


Or f^FC S/kq q, 

REF. SPEC 


.DATA SHEET Bo 



































P/N 1 00 1- PRfSSu RE <*■ FXTER A/tf /_ LK G 


A,,T ^ N0 - 4 NAM[ / 5 /W 5 --T 

7/ ££>& — / S> Z_ <T OAJTZ.OL CL r ^ 


sample No 

TSt&J. 0 2. 

TEST 

MEDIUM 

GN-u 

MED 1 UM 
TEMP . 



WET BULB 
TEMP . 


DRV BULB 
TEMP . 



SETUP PER 

J. H 

PHLA ir 6 ( 4 - 69 ) 


o< 'Arc. Vm o?_ 

REF. SPEC 


■DATA SHEft Ko. 







































PA RKER 


RE PORT HO. 


EER5716068 


PACE 


F-9 

1-9-72 




REV. LTR. 


NC 


WT 


. DATE . 


DATA RV ■ ntTf LLl2&lLLL appb 


USI; 

X/V tern/) l lerrpetE 

sample HO.TSlgXO^ 

0AROM. 

PRESS . 1 m . H 

TEST 

(or /J 2_ 

WET BULB 

TE wP. °f 

>»• * "*" E MASS FLO«J 

S7/ £&{■>£> — 1 0 £- C4/JT XOL l s >s. 

MED 1 UM 

MED f UM 

temp. °f 

DRY BULB 

TEMP. °P 

f>TS S’) 1 Co 

AVI PA aP). 

Ixv4£rr 
! PRESSURE 

OUTLET 

PRESSURE 

Time 

K 

:a&£ 


r^F-Q 

rtCTUA 1 

P F Q 

pCTVA C 

Re q 

ACTUAL 

Re a 

A LTU A ) 

i 

Ps 1 &, 

V 

“0 

Pi 1 6 p 

P 51 6r 


SfC 

— 

ZCC rs. 

r nm 

*'/ 




— 

■ — ... 

-X 



4 c j 


Po PPfT £ 











/ vcc 


T . 

— 

— — 

— £ — 

. 

IP^JsEEfl 










IHBI 



.2. 



— — 

— 



4 0 00 2 










1 ) 






















P/ £70/ J r /-"/)/ 


r.cP 

— 

__ 

— 

-y 

- - 

3 & & o 


l- K & 











/oo 

- /gj 

— 

— 




, — 

52*00 

!■»»« 



■ 

■■■■ 






JHNBRfl 


2 OO 

rnnsem 

| 

— 

, 


— 

Jgjl 













P O'J 

Wo3 

— 

-1 
















'* 

























i 





- 


■ 

| 




■■■ 





earn 

she tarn 

OAl 

L 0 t 

BRIMS 


Enm 







01 


BSRBK 

J33E0EE 

) 







1 ! 




























1 









M FAC if C 

f tJ 

KZE9 

93Em 

KZiE 

<=> 







/CAao C ! 


BBEI 

5 C A^A-I 









HHI 


































































i 










j 










j 



























> 
















































1 


SF Til P P FR _ ... C ' " 02. 



J. H REF. SPEC. 

Pl’LA 1P6 (4-69) 


data sheet No. 


/ 























SETUP PER. ; 

J. H. REF. SPEC DATA SHEET Bo. 


/ 




















SYSTEMS DQVISaON 

Barker @ Hannifin 


mo EER5716068 «v WT page G ~ 1 


REV 

LTR 

NC 





DATE 

1-9-72 




. 


APPENDIX G 


PRESSURE CONTROL VS. PROPELLANT TEMPERATURE 






























I 

No. EER5716068 Page G-4 




SYSTEMS D3VISBON 

PARKER El HANNIFIN 


NO.. 


EER5716068 


BY. 


WT 


.PAGE. 


H-l 


REV 

LTR 

NC 





DATE 

1-9-72 






APPENDIX H 
DVT 5716068 


HS P36 8 70 







SYSTEMS DIVISION 

PARKER HANNIFIN - 18321 JAMBOREE BOULEVARD a IRVINE, CALIFORNIA 92864 


CONTROLLED DOCUMENT 

HUMBER: DVT 5716068 

TITLE: Design Verification Test Procedure 

for Mass Flow Controller Assy: 
PN's 5716068-101 and 5716068-102 


RELEASE HISTORY 

DATE 

REVISION 

E.0. NO. 

MICROFILM 

DATE 

REVISION 

E.0. NO. 

MICROFILM 

fBBSSBBR 

NC 

01 































































REFERENCE'. 1 . Parker Program SI 56 

2. NASA P.O. H NAS9-11750 



APPROVED BY!. 


: 6 1(46 i ' 


A 


J . Ulanovs ky / 

Mgr. , Des ign ling r. 














SYSTEMS DIVISION 
PARKER ff?l HANNIFIN 


NO 


DVT 57 ] 6068. 


BY. 


WT 


. PAOt . 


HE V 
LTH 

NC 





DATE 

10-8-71 

1 





LIST OK K KKKCTIY V FAG 17 S 
This document consists of 5 pages as follows: 


Page 
C ove r 
i and ii • 

1 through Z 


Rev L t r 

• NC 

• NC 
. NC 






SYSTEMS DIVISION 
PARKEET El HAE^INIFIN 


DV T 57 1 6068 uY WT p AGE Ji 


ML V 
LI M 

NC 





OA1 t 

1 0-8-71 






CONTENTS, 


Sect ion P a R e 


1 . 0 SCOPE 

2.0 TEST REQUIREMENTS 

2. 1 Test Facilities 

2.2 Test Results 1 

2.3 Environmental 

2.4 Test Media 

2. 5 Tolerances 


3.0 DETAILED TEST PROCEDURES 

3. 1 Internal Leakage . . . • 1 

3. 2 Response Regulation 

3.3 Pressure Drop 2 

3. 4 Endurance 


H‘ ' P'*F ° 70 




DVT 571 6068 


1 


7 SYSTEMS DIVISION 
PARKER HANNIFIN 


NO 


_ BY. 


WT 


.PAGE . 


REV 

LTR 

NC 





DATE 

10-8-71 






1 . 0 SCOPE 

~ r 

This document specifies the test procedure to be followed for design 
verification testing of two mass flow controller assemblies, 

PN 5716068-101 Hydrogen Mass Flow Controller 
5716068-102 Oxygen Mass Flow Controller 

2. 0 TEST R FQITIR HMEN T S 

2. 1 Test Facilities - All testing shall be conducted at the Systems 

Division, Parker Hannifin Corporation, Irvine California Facility. 

2. 2 Test Results - Complete test results data shall be recorded for 

each design verification test. 

2.3 Environmental - Unless otherwise specified, all testing shall 

be conducted within the following environmental conditions: 

a. Temperature: 75° ± 20°F 

b. Relative Humidity: 90 percent or less 

c. Barometric Pressure: Local Atmosphe re 

2. 4 Test M e d i a - The test media used for design verification testing 

shall be nitrogen in accordance with MIL-P-27401. 

2.5 Tolerances - Unless otherwise specified, the following tolerances 

apply to the application of the tost requirements and the recording of data. 


a. Temperature: ± 3°F 

b. Barometric Pressure: ± 5 percent 

c. Pressure: ± 1 percent 

d. Flow Rate: ± 2 percent 

e. Leakage Rate: ± 3 percent 


3. 0 DETAILED TEST PROCEDURES 

3. ) Internal Leakage - Conduct internal leakage test per paragraph 

3. 2 of PTS57 1 6068. 

3.2 Response k Regulation - Conduct response and regulation test 

per paragraph 3.3 of PIS5716068. 





3. 3 Pressure Drop ' 

3. 3. I Setup - Use setup shown in Figure 2 of PTS5716068. Use • 718 dia 
orifice in out lei line. 


3.3,2 P rocodnr c - Using D1 , set inlet pressure of 300 psig. Close sv;i‘Ur., 

initiating flow through MFC. Increase inlet pressure from 300 to 400 psig in 10 p s i 
inr rements. Record inlet pressure, outlet pressure, outlet temperature, Up a: 
vc i nluri nowrni'trr. 

3 . 4 Fndnrancc 

3. 4. 1 Setup - Use setup shown in Figure 2 of PTS5716068. Install . 160 
dia orifice in outlet line. 

3. 4. 2 P roc od u re - Using Dj establish a pressure of 550 ± 50 psig at inlet of 

MFC. Cycle unit [0,00© tim.es by closing and opening switch. At conclusion of 
test perform ambient temperature tests and internal leakage test (paragraph 3.2 and 
3 . 3 . 2 o f P \ S f> 7 1 6 0 6 8 ) . 



j<- o ir ?n 



SYSTEMS DIVISION 
PARKER Q HANNIFIN 


no — by 3 ILL page 


REV 

LTR 

NC 





DATE 

1-9-72 






APPENDIX I 


DESIGN VERIFICATION TEST DATA SHEETS 







PARKER BfTil I-!ANN!FIN 


REPORT NO 


EER5716068 


Cj "JA / 


/ 


TEST: / / j? \ 

X wrw/ /U LEPj^P^E (Joooa cyggs) ^ 


»RT NO. A NAME 


S7/ £0 6 3-101 


TABLET 


/UA SS Eco tsJ 
(LOPT RO L L ER 


OUTLET 


sample No. 

TSlElOl 

TEST 
M£0 IUM 

2 - 

MED 1 UM 
TEMP . 

°r . 


P/fESSUfiiE. PRESSURE Time 


LEA *A 6 £ 


R F Q 

flCTUA 1 

PfQ 

Peru ac 

RF Q 

/-''S 1 (y 

P 5 I <5r 

PH6r 

P 51 6- 

SEC 


$FC 


Actua) 


Sec m 


oo 


/ CGO | loco 


'J. OOO I 2.000 


P/sroP r,L-/)t 


L K 6 


i O 


ADO 


2 OO 


P DO 


LOO 


Xoooo 


SETUP PER 

J. H 

PH LA 1P6 (4-69) 


tt 2 W 


VM O'! 

-REF. SPEC 


.DATA SHEET NO. 









































! ‘ ' , " ' 'i 

>. F»ARKEP* Q HANNIFIN 

! 

‘ EER57 1 6068 

REPORT NO.., 

REV. LTR LLQ BY ¥L T 

DATA BY, 7]S^'I<0 pate /JzZjt. Zl 

PAOE J - 3 

DATE 1-9-Ii 

A PPR . 

T; 

/"V (r SSU A /' 2>/< 0 p 




sample No. 7l^)S*2‘Ol 

BA ROM. 

PRESS. I* m 6 



WET BULB 

TEMP. V 

T No. & NAME /tsf M $ S L. & 

?7/ &o&3 ~/cJ co»-z^Lie< 

MED 1 UM 

temp. °r 

DRY BULB 

TEMP. P 






















